Quantitative, non-destructive X-ray reflectivity analysis using synchrotron radiation sources was successfully performed on nanoporous dielectric thin films prepared by thermal processing of blend films of a thermally curable polymethylsilsesquioxane dielectric precursor and a thermally labile triethoxysilyl-terminated six-arm poly("-caprolactone) porogen in various compositions. In addition, thermogravimetric analysis and transmission electron microscopy analysis were carried out. These measurements provided important structural information about the nanoporous films. The thermal process used in this study was found to cause the porogen molecules to undergo efficiently sacrificial thermal degradation, generating closed, spherical nanopores in the dielectric film. The resultant nanoporous films exhibited a homogeneous, well defined structure with a thin skin layer and low surface roughness. In particular, no skin layer was formed in the porous film imprinted using a porogen loading of 30 wt%. The film porosities ranged from 0 to 33.8% over the porogen loading range of 0-30 wt%.
Introduction
Porous organosilicate thin films have recently attracted much interest due to their potential applications as low dielectric constant (low-k) interdielectric layers Ree et al., 2006) , chemical and biosensor membranes (Rottman et al., 1999; de Morais et al., 1999) , catalyst hosts (Harmer et al., 1996; Lev et al., 1995) , and gas separation membranes (Smaihi et al., 1996) . A well-known method for preparing porous organosilicates is to first perform the templated sol-gel synthesis of organosilanes in the presence of labile porogens (i.e., pore generators) such as organic surfactants and polymers, and then to remove the porogen templates so as to generate pores in the resultant organosilicates (Bolze et al., 2001; Huang et al., 2002; Lee et al., 2002; Oh et al., 2003) . In particular, incorporating nanometer-sized, air-filled pores (so-called closed nanopores) of k = 1.01 into an interdielectric thin film layer is a potential method for significantly reducing the k value of the film (Bolze et al., 2001; Huang et al., 2002; Lee et al., 2002; Oh et al., 2003) . Multi-armed poly("-caprolactone)s (PCLs) have been widely investigated as thermally labile organic polymer porogen agents for organosilicate dielectrics such as polymethylsilsesquioxane (PMSSQ) (Bolze et al., 2001; Oh et al., 2003) . These porogens undergo sacrificial thermal decomposition in the temperature range 523-623 K; however, the large number of arms in these compounds was found to result in severe aggregation, even at a loading of 10 wt%, leading to the formation of large interconnected pores in the dielectric thin films . This tendency of multi-armed PCLs toward aggregation in organosilicates has limited the pore size and porosity that can be achieved using these compounds, and has obviated their use in advanced integrated circuits (ICs) patterned with small feature sizes. Thus, in order to develop advanced ICs, a method is required to generate dielectric materials containing a uniform distribution of closed pores with dimensions significantly smaller than the feature size. Moreover, the ability to characterize the structure of the porous film, in particular the pore structure and distribution within the film, is as important as developing the dielectrics and porogens themselves.
In the present study, we prepared porous organosilicate dielectric thin films from a triethoxysilyl-terminated six-armed PCL (mPCL6) and PMSSQ dielectric precursor (Fig. 1) , and quantitatively investigated their structures, surface roughnesses, and electron density gradients along the film thickness using specular X-ray reflectivity (XR) with synchrotron radiation sources. In addition, we performed transmission electron microscopy (TEM) on the porous films, and thermogravimetric analysis (TGA) on some of the dried films. As seen in Fig. 1 , the triethoxysilyl terminal groups on the mPCL6 porogen are analogues of the reactive functional groups (ethoxysilyl and hydroxysilyl) of the PMSSQ precursor that take part in the curing reaction (i.e. the secondary polycondensation reaction) during heat-treatment. Owing to the similarity of these reactive functional groups, the porogen is more miscible with the PMSSQ precursor and, furthermore, the triethoxysilyl terminal groups cause the porogen to participate in the curing reaction of the PMSSQ precursor, leading to a significant reduction in aggregation in these blend films. The resulting porogen aggregates are therefore smaller than has been achieved in the past. After sacrificial thermal degradation, the aggregates leave their footprints in the cured PMSSQ dielectric films as nanopores.
Experiment
A mPCL6 porogen [triethoxysilyl-terminated six-arm poly("-caprolactone)] was synthesized and found to have a weight-average molecular weight M w of 9600 and a polydispersity index of 1.11 Shin et al., 2001) . A soluble PMSSQ dielectric precursor (M w = 10000) containing ethoxysilyl and hydroxysilyl groups (GR650F) was supplied by Techneglas (Perrysburg, OH). A series of homogeneous solutions of mPCL6 porogen and PMSSQ precursor in dry methyl isobutyl ketone (MIBK) (5 wt% solid) was prepared using porogen compositions of 10, 20 and 30 wt%. Each solution was filtered with a PTFE-membrane microfilter of pore size 0.20 mm, spin-coated onto a precleaned silicon substrate, and then dried at 323 K for 1 h under a nitrogen atmosphere (Fig. 1) . The dried thin films were heated to 473 K at a rate of 2.0 K min À1 and thermally cured at that temperature for 100 min. Then, the films were further heated to 673 K at a rate of 2.0 K min À1 and kept at 673 K for 1 h; during this heat treatment, the porogen component in the films underwent thermal decomposition, generating pores in the films. The whole thermal process was conducted in a vacuum (Fig. 1) .
Specular XR measurements were conducted using synchrotron radiation sources at the bending magnet X-ray diffraction beamlines BL3C2 and BL4C2 of the Pohang Light Source in Korea (Bolze et al., 2002; Hwang et al., 2006; Lee et al., 2004; Ree & Ko, 2005) and at the bending magnet X-ray diffraction beamline BL2-1 of the Stanford Radiation Research Laboratory in the USA. The X-ray radiation source was selected to be a wavelength of 1.54 Å in an energy resolution of Á/ = 5 Â 10 À4 and a scintillation counter with an enhanced dynamic range (Bede Scientific, EDR) was used as a detector. XR data were collected in a specular direction by a -2 scan and then normalized to the intensity of the incident X-ray beam monitored using an ionization chamber. Particular care was taken with the sample alignment to ensure precision, as described by Gibaud et al. (1993) and Bolze et al. (2001) . The measured XR data were analyzed quantitatively with a recursive formula given by the dynamic theory of Parratt (1954) , which properly incorporates absorption, refraction and multiple scattering effects. Interfacial roughness was taken into account by introducing Né vot-Croce damping factors into the recursive formula, assuming Gaussian smearing functions (Né vot & Croce, 1980) . In addition, TEM measurements were carried out using a JEM microscope (model 4000Fx) on samples prepared on carbon grids of 400 mesh by dipcoating in dilute solutions (1.0 wt% solid content). For some of the dried films, TGA measurements were performed at 2.0 K min À1 in a nitrogen atmosphere using a Seiko TG/DT analyzer (Seiko Instruments, EXSTAR 6000 TG/DT). Fig. 2 shows TGA thermograms of the PMSSQ precursor, mPCL6 porogen, and PMSSQ precursor/mPCL6 porogen blends. The mPCL6 porogen undergoes some weight loss in the temperature range 356-593 K owing to the evaporation of the ethanol by-product generated by the thermal curing reaction of the porogen's triethoxysilyl terminal groups, and exhibits significant weight loss above 593 K as a result of thermal decomposition. Similar weight loss behaviors were observed for mPCL6 porogen molecules loaded into a PMSSQ precursor matrix. The PMSSQ precursor also undergoes weight loss in the temperature range 348-613 K, which is attributed to the evaporation of the water and ethanol byproducts generated by the thermal curing reaction of the precursor's hydroxysilyl and ethoxysilyl end groups, and very slow thermal decomposition of the cured PMSSQ dielectric occurs above 773 K (Fig. 2) . These TGA results indicate that during the heating run, both the mPCL6 porogen and the PMSSQ precursor components in the blend films undergo curing conference papers
Results and discussion
Weontae Oh et al. Nanoporous thin films s627 Figure 2 TGA thermograms of the PMSSQ precursor, mPCL6 porogen, and PMSSQ precursor/mPCL6 porogen blends. The measurements were carried out at a heating rate of 2 K min À1 under a nitrogen atmosphere.
Figure 1
Procedure for the preparation on nanoporous dielectric thin films from the PMSSQ precursor (curable dielectric matrix) and triethoxysilyl-terminated star-shaped PCL porogen (mPCL6, thermally labile porogen).
reactions in the temperature range 356-593 K prior to the sacrificial thermal decomposition of the porogen component. This concurrence of the curing reactions of the porogen and precursor matrix components favors the chemical hybridization of the components, which prevents the formation of large porogen aggregates. On the basis of these TGA results, we prepared all of the porous PMSSQ dielectric films imprinted with mPCL6 porogen in a vacuum by thermal treatment up to 673 K. Fig. 3 shows a TEM image of a porous PMSSQ sample imprinted with 10 wt% mPCL6 porogen, which is representative of the images recorded for the porous films. This TEM image clearly shows that closed, spherical pores with sizes of ca 5 nm were successfully generated in the dielectric film, and that these pores are randomly dispersed within the film.
Taking the above TGA and TEM results into account, specular XR measurements were carried out on the nanoporous PMSSQ dielectric films imprinted with various mPCL6 porogen loadings in order to obtain information on the structural parameters and interfaces of the films. Fig. 4 (a) shows a representative XR profile curve, which was measured for a nanoporous PMSSQ film imprinted with an mPCL6 loading of 10 wt%. The figure clearly reveals two critical angles of the film and the substrate ( c,film and c,Si ) over the q z range of 0.20À0.35 nm
À1
; here q z is the magnitude of the scattering vector along the direction of the film thickness, which is defined by q z = ð4=Þ sinðÞ, where is the wavelength of the X-ray beam and is the grazing incident angle. Oscillations between the two critical angles are also clearly discernible, which are the waveguide modes for X-rays confined in the film. Thus, the reflected intensity is close to the incident one, although slightly lower owing to a certain degree of absorption of X-rays in the film. Once exceeds the critical angle of the substrate, a significant portion of the beam penetrates into the substrate and the reflected intensity drops sharply. The steeply decaying reflectivity curve is modulated by high frequency oscillations, which are commonly referred to as Kiessig fringes (Kiessig, 1931) . These fringes appear owing to interference between the beams reflected from the film-air surface and those reflected from the filmsubstrate interface. It can be shown that, for a film of thickness d, the angular maximum position m,max of the Kiessig fringe of order m is given by sin 2 ð m;max Þ ¼ m 2 ð=2dÞ 2 þ sin 2 ð c;film Þ. Thus, by plotting the experimental data according to this equation, the total film thickness can be precisely determined from the slope of a straight line fit of the data points. Using this approach, the total film thickness was very accurately determined to be 88.7AE0.1 nm. In addition to the high frequency oscillations, low frequency oscillations are also discernible in Fig. 4(a) , indicating that a thin layer (i.e. an interfacial layer) is present in addition to the film bulk layer. Further, it is noteworthy that as the angle increases, the XR profile shows an overall decay of the reflected intensity and of the modulation amplitudes, which can be attributed to the presence of the film-substrate interface and the surface roughness.
Considering the XR curve characteristics described above, we sought to quantitatively analyze the XR profile in Fig. 4(a) . We found that the XR data are described well by the structural model shown in (a) A representative X-ray reflectivity profile of a nanoporous PMSSQ film imprinted with 10 wt% mPCL6. The symbols are the measured data and the solid line represents the fit curve assuming a homogeneous electron density distribution within the film except for a thin surface layer, in which the electron density is slightly different. The inset shows a magnification of the region around the two critical angles: c,film is the critical angle of the film and c,Si is the critical angle of the Si substrate. (b) A model of the electron density distribution across the film thickness between the silicon substrate and air, which gives the best fit for the XR profile in (a). Fig. 4(b) , which assumes a homogeneous electron density distribution throughout the film except for a thin surface skin layer characterized by a thickness of 3.3 nm and an electron density that is ca 5.1% higher than that of the bulk layer. The presence of this skin layer results in the low frequency modulation that was found to affect the whole XR curve, and the phase of this modulation unambiguously indicates that the electron density of the skin layer is slightly higher than that of the underlying bulk layer. The film surface roughness as determined from the decay of the XR curve is only 0.6 nm, indicating that the surface is very smooth. The fit curve based on the structural model [ Fig. 4(b) ] matches the experimental data very well, indicating that the model takes into account the key features of the system, including the surface roughness. In fact, a disparity between the model and experiment, however, is the depth of the minima, which are considerably shallower in the experimental data. The shallower depth of the minima in the experimental XR data may be due to several factors, such as a slightly inhomogeneous film thickness on the length scale of the projected beam size, curvature of the film-covered substrate induced by residual stress built up at the interface, and so on; however, a detailed investigation of this issue would be required to resolve the exact source of the shallower minima. Collectively, the XR data and analysis results indicate that a well-defined structure was developed in the porous film imprinted with 10 wt% mPCL6 porogen. The details of the structural parameters obtained are given in Table 1 .
Here it is noteworthy that the presence of a thin surface skin layer with a slightly higher electron density in the above XR analysis is only one possible interpretation of the experimental data. Alternatively, the XR data can also be fitted by a model having a thin layer between the bulk of the film and the substrate, with a lower electron density (ca 5.1% is lower than that of the bulk layer). Furthermore, a model which incorporates both, such an interlayer and an additional surface skin layer, can fit the XR curve. This remaining ambiguity is due to the loss of phase information, and thus an electron density profile deduced from XR data is usually not unique (Bolze et al., 2001) . Once a location of such thin interfacial layer is given, the phase of the corresponding oscillation unambiguously indicates whether the electron density of that layer is higher or lower as compared with the bulk of the film. However, a skin-layer formation is often observed in the preparation of polymer specimens or products in any shapes including thin films (Clark & Feast, 1978; Fleer et al., 1993) . The presence of a thin interfacial layer was also detected even in the PMSSQ film of our study, which was prepared without any porogen loading. Moreover, at this moment we could not find any reason for the existence of a thin layer with a lower electron density at the interface of the substrate and the film layer. Considering this, we infer that the low frequency modulation of the reflectivity curve is originated from the presence of a thin skin layer.
For the PMSSQ film and the porous films imprinted with porogen loadings of 20 and 30 wt%, the whole XR profiles were analyzed in detail following the method outlined above for the porous film prepared using a porogen loading of 10 wt%. All of the films showed qualitatively similar characteristics in the whole XR profile (data not shown), as shown by the data displayed in Fig. 4(a) . The detailed analysis results are listed in Table 1 . Fig. 5 shows the XR profiles around the critical angles of the films prepared with various porogen loadings, along with the fitted curves. All of the fits accurately capture the locations of the maxima and minima in the experimental data and allow precise determination of the respective film critical angles c,film [i.e. average film electron densities e,av (film)]: c;film ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi e;av ðfilmÞr e = p where r e is the classical electron radius. As the initial porogen loading increases, the film critical angle c,film clearly decreases, indicative of a decrease in the average film electron density, whereas the silicon substrate critical angle c,Si is insensitive to the initial porogen loading. The decrease in film electron density with increasing porogen content confirms that the porogen was removed by heat treatment up to 673 K and that pores were indeed created. The e,av (film) of the PMSSQ film prepared without any initial porogen loading was determined to be 399 AE 5 nm À3 from the measured c,film . Using this value, one can further estimate the volume of the pores (i.e. porosity) imprinted in the porous films from the determined electron densities; here the estimated porosity corresponds to the relative porosity (P rel ) with respect to the electron density of the PMSSQ dielectric thin film. The estimated P rel values increase from 7.3% to 33.8% as the initial porogen loading is increased from 10 to 30 wt%, again confirming that the porogen molecules loaded in the PMSSQ films were effectively removed via sacrificial thermal degradation, leaving in their place nanopores filled with air that have almost zero electron density. All of the fit parameters and the estimated porosities are summarized in Table 1 .
As can be seen in Table 1 , the porogen-free PMSSQ film consists of a bulk layer covered with a skin layer of larger electron density, as was observed for the porous film imprinted with a 10 wt% porogen loading. The formation of such a denser skin layer on the PMSSQ film might be due to the crosslinking reaction characteristic of the PMSSQ precursor occurring more favorably at the PMSSQ-air interface than in the bulk film as well as in the PMSSQ-substrate interface. However, the data in Table 1 show that both the skin and bulk layers in the film are significantly influenced during porous film formation by thermal sacrificial degradation of the porogen molecules loaded in the film. Namely, the thicknesses and electron densities of the skin and bulk layers are drastically changed with the initial porogen loading in the film formation process. In particular, the electron density of the skin layer [ e (skin)], as well as the electron density of the bulk layer [ e (bulk)], is decreased as the initial porogen loading increases. The skin layer of the PMSSQ film is thicker and its e (skin) value is larger, compared to the film imprinted with 10 wt% porogen. The porous film prepared with a porogen loading of 20 wt% also has a skin layer in addition to the bulk layer. This skin layer is thicker than the skin layers observed on the PMSSQ film and the porous film imprinted with 10 wt% porogen. Unlike the PMSSQ film and the porous film imprinted with 10 wt% porogen, however, the skin layer of the 20 wt% porogen film exhibits an electron density that is lower than that of the bulk layer. By contrast to the other films, the porous film imprinted with a 30 wt% porogen loading was found to have no skin layer. This observation of no skin layer might be attributed to the following situation. In the porous film process, a surface skin layer is formed, and its e (skin) is reduced by thermal sacrificial degradation of the loaded porogen molecules, finally reaching to a certain level, which is comparable to the e (bulk) value. Collectively, the characteristics of the skin layer in the PMSSQ film and its porous films are significantly influenced during porous film formation by out-gases generated from the thermal sacrificial degradation of the porogen molecules loaded in the film.
In addition, the surface roughnesses of the films increased with increasing porogen loading, from 0.4 nm for the PMSSQ film to 2.9 nm for the film with a porogen loading of 30 wt% (Table 1) .
Conclusions
PMSSQ dielectric thin films with and without closed nanopores were prepared by the formation of blend films of thermally curable PMSSQ precursor and reactive mPCL6 porogen in various compositions, which were subsequently subjected to thermal treatment up to 673 K in a vacuum. The nanometer-scale structures of these thin films were investigated in detail by quantitative, non-destructive XR analysis along with TEM and TGA. The results indicated that thermal processing by heating to 673 K caused efficient sacrificial thermal degradation of the porogen molecules, generating closed, spherical nanopores in the dielectric film. The XR analysis showed that all of the nanoporous films exhibited a homogeneous, welldefined structure with a low surface roughness. The films imprinted with porogen loadings of 0-20 wt% were covered in a thin skin layer, but the film imprinted with a 30 wt% porogen loading did not have a skin layer. The film porosities ranged from 0 to 33.8% as the initial porogen loading was increased from 0 to 30 wt%.
